Abstract. The crystal structure of ferroelastic Rb 4 Li(HSO 4 ) 3 (SO 4 ) has been determined at two temperatures, which indicates a structural phase transition, tetragonal P4 3 with a = 7⋅629(1) Å, c = 29⋅497(2) Å at 293 K and monoclinic P2 1 with a = 7⋅583(3) Å, b = 29⋅230(19) Å, c = 7⋅536(5) Å, β = 90⋅14(1)° at 90 K. The crystal structure of K 4 Li(HSO 4 ) 3 (SO 4 ) 4 has also been determined at two temperatures, tetragonal P4 1 with a = 7⋅405(1) Å, c = 28⋅712(6) Å at 293 K and tetragonal P4 1 with a = 7⋅371(5) Å, c = 28⋅522(5) Å at 100 K. The overall coordination features in both the structures have been analysed in terms of bond valence sum calculations.
Introduction
Ferroelastic materials have been extensively reviewed [1] [2] [3] and they find application in the design of acoustic delay lines, transducers, optical shutters, modulators and as shapememory materials. Compounds belonging to the family with general formula A 4 Li(HSO 4 ) 3 (SO 4 ) where A = K, Rb exhibit ferroelastic properties 4 . These compounds at room temperature are generally found to display prototype tetragonal symmetry and undergo phase transitions at low temperatures and exhibit ferroelastic behaviour. Extensive physical studies including elastic, pyroelectric, dielectric and thermal measurements of this family of compounds suggest 5 that the pathway for phase transition from room temperature to low temperature could be either 4 → 2 type or 4 → 2 mm type. Rb 4 Li(HSO 4 ) 3 (SO 4 ), hereafter RLHS and K 4 Li(HSO 4 ) 3 (SO 4 ) hereafter KLHS have also been subjected to linear birefringence measurements 6 and EPR measurements. 7 In all these studies RLHS shows a well defined phase transition at T c ≈ 122 K (tetragonal to monoclinic) while the corresponding studies on KLHS though indicating the onset of transition at 110 K, does not exhibit recognizable changes in lattice parameters. 4 Also, thermal expansion studies on KLHS show no anomalies and the phase transition appears to be non ferroelastic. 8 Single crystal studies on RLHS at room temperature (293 K) reported earlier 5 showed that the crystals are optically laevorotatory and belong to the enantiomorphous space group P4 1 . However, an analysis of the diffraction data based on the value of enantiomorph polarity parameter during refinement suggested that the sample is 87% P4 1 and 13% P4 3 . Initial photographic studies at 100 K, points to a reduction of symmetry from ¶ Dedicated to Professor C N R Rao on his 70th birthday *For correspondence tetragonal to monoclinic system, if the transition is of ferrodistortive type within the framework of Landau theory. 5 In order to ascertain the phase transition in RLHS unambiguously and to unequivocally establish the non-ferroelastic nature of the phase transition in KLHS, we have carried out detailed single crystal diffraction experiments. We describe here the details of these studies on RLHS and KLHS at room temperature (293 K), at 90 K for RLHS and at 100 K for KLHS respectively.
Experimental
Single crystals of both RLHS and KLHS were grown by slow evaporation at 313 K from an aqueous solution containing stoichiometric amounts of Rb 2 SO 4 : Li 2 SO 4 and K 2 SO 4 : Li 2 SO 4 in excess H 2 SO 4 respectively. Beakers containing the solution (5 ml) were tightly corked to slow down the evaporation rate at this temperature. The crystals obtained were transparent, colourless and showed sharp optical extinction. The composition of the crystals was confirmed by preliminary powder X-ray diffraction as well as by EDAX measurements. The presence of the lithium ion was confirmed by qualitative chemical analysis. A variable temperature powder X-ray diffraction data collected on a STOE STADI-P diffraction system in the range 298 to 100 K using an Oxford cyrosystem nitrogen open-flow cryostat confirmed the phase transition for RLHS. The corresponding studies on KLHS show no change in the powder pattern in this range. 
Structure determination and refinement

Structure of RLHS at 293 K
A crystal of size 0⋅7 × 0⋅3 × 0⋅4 mm was mounted on a BRUKER AXS SMART APEX CCD 9 diffractometer with a crystal to detector distance of 6⋅03 cm. The diffraction intensities were measured with monochromated MoK α radiation (λ = 0⋅7107 Å). The orientation matrix of the crystal was obtained at room temperature from reflections derived from 50 frames to give the tetragonal unit cell (table 1) . The data was collected in four batches covering a complete sphere of reciprocal space with each batch at different ϕ angles (ϕ = 0, 90, 180, 270) and each frame covering 0⋅3° in ω at 10 s exposure time. The data were 98⋅7% complete to 56° in 2θ. As it is important to fix the handedness of this enantiomorphous space group the structure determination and refinement were carried out in both P4 1 and P4 3 . The positional coordinates of Rb and S atoms were obtained by direct methods using the SHELXS97 10 module and refined by SHELXL97 10 in the WinGX 11 suite of software. Subsequent difference Fourier synthesis revealed the positions of the remaining non-hydrogen atoms. It was observed that S1-O12, S2-O23 and S3-O34 bonds were long in the sulphate tetrahedra indicating the presence of hydrogen atoms. More ever, the oxygen atoms O12, O23 and O34 showed O…O short contacts signifying the presence of hydrogen bonds. Hence, the hydrogen atoms were geometrically fixed on O12, O23 and O34 restricting the O to H distance to 0⋅97 Å which is the average neutron length found from a statistical analysis of data from CSD 12 ). An Oxford Cryosystem nitrogen open-flow cryostat was used to maintain the temperature of 90 K through out the data collection within ± 0⋅2 K. The space group was uniquely determined as P2 1 from systematic absences with β = 90⋅14° (table 1). The positional coordinates of Rb and S atoms obtained from direct methods were refined and the subsequent difference Fourier synthesis revealed the positions of the remaining nonhydrogen atoms in the structure. The longer bonds [S1A-O12A = 1⋅540(10); S2A-O12B = 1⋅554(10); S2A-O23A = 1⋅577(10); 2B-O23B = 1⋅566(11); S3A-O34A = 1⋅546(10); S3B-O34B = 1⋅536 (10)] are again characteristic of the presence of the hydrogen atoms. The oxygen atoms O12A, O12B, O23A, O23B, O34A, O34B show 
Rb (1) 0⋅8854 (1) 0⋅9356 (1) 0⋅2253 (1) 0⋅0276 (2) Rb (2) 0⋅7727 (1) 0⋅5189 (1) 0⋅1197 (1) 0⋅0279 (2) Rb (3) 1⋅3801 (1) 0⋅6350 (1) 0⋅2382 (1) 0⋅0301 (2) Rb (4) 0⋅4709 (1) 1⋅0251 (1) 0⋅1099 ( (14) 0⋅5111 (9) 0⋅9930 (9) 0⋅2131 (3) 0⋅0436 (17) O (21) 1⋅0233 (8) 0⋅5593 (8) 0⋅2561 (2) 0⋅0356 (15) O (22) 0⋅7437 (8) 0⋅5726 (8) 0⋅2179 (2) 0⋅0307 (13) O (23) 0⋅7899 (8) 0⋅3780 (8) 0⋅2813 (2) 0⋅0339 (15) O (24) 0⋅9232 (7) 0⋅3179 (7) 0⋅2085 (2) 0⋅0327 (13) O (41) 0⋅8330 (9) 0⋅8934 (8) 0⋅1279 (2) 0⋅0366 (14) O (42) 1⋅0868 (7) 1⋅0721 (8) 0⋅1408 (2) 0⋅0323 (13) O (43) 1⋅0686 (9) 0⋅9142 (9) 0⋅0709 (2) 0⋅0441 (18) O (44) 0⋅8693 (8) 1⋅1574 (8) 0⋅0850 (2) 0⋅0329 (14) O (31) 1⋅1556 (8) 0⋅4886 (8) 0⋅1373 (2) 0⋅0381 (15) O (32) 1⋅4023 (8) 0⋅3930 (8) 0⋅0925 (2) 0⋅0364 (15) O (34) 1⋅2313 (8) 0⋅6263 (8) 0⋅0669 (1) 0⋅0393 (16) O (33) 1⋅4115 (10) 0⋅6649 (8) 0⋅1330 (8) 0⋅0329 (14) Li (1) 1⋅1285 (15) 1⋅2769 (16) 0⋅1728 (5) 0⋅0264 (23) 
0⋅9875 (15) 0⋅2970 (4) 0⋅0072 (14) 0⋅0237 (24) 
0⋅6323 (14) 0⋅1692 ( 
(ii) Data collection 0⋅342/-0⋅682 0⋅40/-0⋅474 *The same crystal is used for both the data sets 
Structure of KLHS at 293 K
Intensity data were collected on a BRUKER AXS SMART APEX CCD 9 diffractometer at the Chemistry Department in the University of Durham. A crystal of size 0⋅1 × 0⋅1 × 0⋅4 mm was mounted. The diffraction intensities were measured with monochromated MoK α radiation (λ = 0⋅7107 Å). The crystal structure was solved by direct methods using the SHELXS97 10 module in the WinGX 11 suite of software. It is important to fix the handedness of this enantiomorphous space group and hence the structure determination and refinement were carried out in both P4 1 and P4 3 respectively. The positional coordinates of K and S atoms obtained direct methods were refined and the subsequent difference Fourier synthesis revealed the positions of the remaining non-hydrogen atoms in the structure. The coordinates of hydrogen atoms located from the difference Fourier map were isotropically refined. The details of the refinements are given in table 3. Refinement in P4 1 space group converged with the Flack parameter = 0⋅02(4), 13 R = 0⋅03, wR = 0⋅072 with the residual density of 0⋅342 e/Å 3 and the corresponding values for the refinements in space group P4 3 are Flack parameter = 0⋅98(6), 13 R = 0⋅033, wR = 0⋅086 and residual density = 0⋅537 e/Å 3 . Therefore KLHS was assigned the space group P4 1 . The residual densities are clustered around K atoms (table 3) . There is no disorder in the sulphate moiety. The coordinates along with the equivalent thermal parameters are listed in table 4a.
Structure of KLHS at 100 K
The same crystal used for the room temperature data was cooled to 100 K (about 10 K below T c ; reported T c = 110 K 7 using an Oxford Cryosystem nitrogen open-flow cryostat. The temperature of 100 K was maintained through out the data collection. At 100 K KLHS does not show any phase transition and retains the tetragonal symmetry. The diffraction intensities were measured with monochromated MoK α radiation (λ = 
0⋅048 (14) # # Hydrogen atoms were refined isotropically (13) 0⋅5539 (5) 0⋅0466 (5) -0⋅0846 (1) 0⋅0149 (8) O (14) 0⋅2936 (5) -0⋅0706(5) -0⋅1289 (1) 0⋅0138 (8) O (21) 0⋅0057 (5) 0⋅2621 (5) -0⋅0796 (1) 0⋅0128 (8) O (22) 0⋅2550 (5) 0⋅3631 (5) -0⋅0261 (1) 0⋅0150 (8) O (23) 0⋅1787 (6) 0⋅5266 (5) -
# # Hydrogen atoms were refined isotropically Table 5 . Selected bond lengths (Å) and bond valence sum at 293 K for Rb 4 Li(HSO 4 ) 3 (SO 4 ) (P4 3 ).
Valence sum 0⋅7107 Å). The crystal structure was solved by direct methods using the SHELXS97 10 module in the WinGX 11 suite of software in the space group P4 1 . The positional coordinates of K and S atoms obtained from initial E-map based on direct methods were refined and the subsequent difference Fourier synthesis revealed the positions of the remaining non-hydrogen atoms in the structure. The details of the refinements are given in table 3. The coordinates of hydrogen atoms located from the difference Fourier map were isotropically refined. The coordinates along with the equivalent thermal parameters are listed in table 4b.
Results and discussion
Structure of RLHS
Selected bond lengths 14 and bond valence sum 15 are given in tables 3 and 4 for the room temperature and 90 K structures respectively. The ORTEP 16 with 50% probability ellip-soids are given in figure 3a and b. Figures 4 and 5 give the corresponding packing diagrams. 16 The room temperature structure of RLHS displays one large S-O distance in each of the four sulphate tetrahedra. The hydrogen atoms were thus fixed stereochemically on these oxygen atoms. The structure is made up of layers of Rb atoms perpendicular to the four-fold screw axis (figure 4). The lithium atoms intercalated between these layers form a tetrahedra by sharing oxygen atoms from each of the four independent sulphate tetrahedra. The Li-O bonds range from 1⋅85 to 1⋅93 Å (table 5) . It is interesting to note that there are no O-H…O hydrogen bonds even though the corresponding intermolecular The ferroelastic phase of RLHS results due to a small lattice distortion of the prototype, and hence at the microscopic level in the unit cell, there are pairs of atomic positions for the atoms of the same element, which retain the pseudo symmetry with small shifts in the atom positions. These small shifts result in the long and short S-O bonds. The structure of RLHS at 90 K has large deviations in the geometry of the sulphate tetrahedra. Indeed, the S-O distances vary from 1⋅418 Å (12) to 1⋅571 (11) Å (table 6) suggesting significant distortions in the sulphate moieties. These distortions could be the cause of the strain in the lattice resulting in the compound exhibiting ferroelasticity. The bond valence sums (table 6) reflect on the distortions developed due to the structural phase transitions. The hydrogen atoms were fixed stereochemically once again on the longer S-O bonds. The gross features associated with the Rb layers; the Li coordination and the overall packing characteristics remain similar. There is no change in the Rb coordination.
Structure of KLHS
Selected bond lengths 14 and bond valence sum 15 are given in table 5 for the room temperature and 100 K structures. The ORTEP 16 with 50% probability ellipsoids are given in figures 6a and b, while figures 7 and 8 give the corresponding packing diagrams. The room temperature structure of KLHS has features similar to those observed in RLHS. However, the hydrogen atoms could be located from difference Fourier maps and refined isotropically. The Li atom forms a tetrahedron by sharing oxygen atoms from each of the four sulphate tetrahedral. The Li-O bonds range from 1⋅885(7) to 1⋅930(7) (table 7). KLHS displays three very strong, well-defined classical O-H…O hydrogen bonds (table 8) . The sulphate moieties are linked by these hydrogen bonds (figure 7). The K atoms are 8 coordinated. There are no distortions in the sulphate moiety as found in RLHS accompanying the phase transition. One of the hydrogen bonds O34…H34…O21 is almost covalent at 293 K as found by charge density analysis of compounds containing very strong O-H…O bonds. 17 The bond valence sums (table 7) indicate regular bonding features.
The low temperature structure of KLHS shows no structural phase transition. However, the hydrogen-bonding pattern at 293 and 100 K differs significantly. The 
Valence sum
6⋅07
6⋅13
5⋅96
6⋅27
centre of gravity of the protons H11 and H34 alters with temperature as shown in figure  9a and b. The transformation from a dissymmetrical O-H…O electrostatic interaction to a covalent and symmetrical O-H-O bond has been reported both by X-ray diffraction and neutron diffraction extensively in literature. [18] [19] [20] It can be observed from table 6 that the
distance of the disymmetric O11-H11 bond has increased from 0⋅74 Å at 293 K to 1⋅24 Å at 100 K, while the symmetric O34…H34…O21 bond (1⋅24 Å) at 293 K becomes the dissymmetric O34-H34 (0⋅75 Å) at 100 K due to the migration of the protons H11 and H34. Hence the near covalent feature associated with the hydrogen bond O34…H34…O21 at 293 K has completely shifted to another hydrogen bond O11…H11…O23 at 100 K (table 8) . Thus, even though in accordance to thermal expansion studies, there is no (14) 1⋅458 ( (7) 1⋅92 (7) 2⋅543 (6) 154 (7) structural phase transition observed in KLHS, there is migration of protons at 100 K resulting in the shortening and lengthening of hydrogen bonds. It has been explained that the change in the EPR spectra of KLHS at 110 K, 7 could be either due to the sulphate tetrahedron system or in the cationic subsystem, since the sulphate radicals may exhibit their own dynamics. It can be conjectured that the dynamics of the sulphate radicals can be a direct consequence of the dynamics of the proton subsystem, which has a weak influence on the parameters of the crystal structure. This could be the microscopic change observed in the EPR spectra.
Conclusion
Phase transition studies by single crystal X-ray diffraction indicate that the low temperature behaviour of RLHS and KLHS are different. RLHS undergoes a structural phase transition at 90 K to a monoclinic space group P2 1 . The distortions in the sulphate moieties at 90 K turn out to be the key features inducing the ferroelastic phase transition. The absence of structural phase transition in KLHS is confirmed. A striking feature is the formation of a strong short hydrogen bond O34-H34 and migration of the hydrogen atom H11 towards the mid-point of the hydrogen bond resulting in the switching of the covalent nature from one hydrogen bond to another on cooling to 100 K.
